Noncholinergic Neurons in the Basal Forebrain: Often Neglected but Motivationally Salient  by Lau, Brian & Salzman, C. Daniel
Neuron
PreviewsNoncholinergic Neurons in the Basal Forebrain:
Often Neglected but Motivationally Salient
Brian Lau1,* and C. Daniel Salzman1,2,3,*
1Department of Neuroscience, Columbia University
2Department of Psychiatry, Columbia University
3New York State Psychiatric Institute
1051 Riverside Drive, Unit 87, New York, NY 10032, USA
*Correspondence: brian.lau@columbia.edu (B.L.), cds2005@columbia.edu (C.D.S.)
DOI 10.1016/j.neuron.2008.06.017
Although noncholinergic neurons in the basal forebrain are known to contribute to cognition, their response
properties in behaving animals is unclear. In this issue of Neuron, Lin and Nicolelis demonstrate that these
neurons represent the motivational salience of sensory stimuli and may modulate cortical processing to
direct top-down attention.Directing attention to relevant sensory
stimuli is critical for survival because at-
tention can facilitate perception, learning,
and action. But what makes a sensory
stimulus relevant? One property that
clearly contributes is the motivational sa-
lience of a stimulus; if a stimulus either
predicts a reward or punishment, or if it
is reinforcing in and of itself, by definition
the stimulus may be labeled motivation-
ally salient. Therefore, understanding
how the brain represents motivationally
salient stimuli may be fundamental to
understanding the top-down control of
attention. In principle, the brain need not
explicitly encode motivational salience at
the level of single neurons, as appetitive
and aversive brain circuits could indepen-
dently influence mechanisms for atten-
tion. Alternatively, individual neurons
could represent motivational salience
per se, and this response property could
arise from the convergence of information
carried by appetitive and aversive sys-
tems. Until recently, relatively few studies
examined single-neuron response prop-
erties in the context of both rewards and
punishments; progress on understanding
the relationship between motivational
salience and attention has therefore
been limited. In this issue of Neuron, Lin
and Nicolelis (2008) push the field forward
by examining the neural responses prop-
erties of an oft-neglected member of
the basal forebrain—the noncholinergic
neurons—in the context of rewards, pun-
ishments, and attentional performance.
A large body of evidence supports the
idea that projections from the basal fore-6 Neuron 59, July 10, 2008 ª2008 Elsevier Ibrain are important for modulating cortical
excitability and influencing different types
of attention (Everitt and Robbins, 1997).
Prior experimental work in these brain
regions has largely focused on the neocor-
tical cholinergic projections, in part be-
cause the neurons of origin in the nucleus
basalis of Meynert selectively degenerate
in Alzheimer’s disease (Whitehouse et al.,
1982). Improved lesioning techniques
with greater selectivity for cholinergic neu-
rons have helped demonstrate that cholin-
ergic projections to cortical and subcorti-
cal structures are important for attending
to salient sensory stimuli (Everitt and Rob-
bins, 1997). Importantly, attempts to inte-
grate these newer results with those using
less selective excitotoxins suggest that
the noncholinergic neurons in the basal
forebrain also play important roles in
learning, memory, and attention (Everitt
and Robbins, 1997). The noncholinergic
neurons are comprised of GABAergic
neurons as well as neurons with the ca-
pacity to synthesize glutamate (Gritti
et al., 2006). These neurons are inter-
mingled with cholinergic neurons, and
a sizable fraction project to cortex in paral-
lel with cholinergic neurons (Gritti et al.,
1997). Indeed, the GABAergic corticope-
tal component is equivalent or larger
than the cholinergic component, which
itself constitutes only about 5% of this di-
verse basal forebrain neuronal population
(Gritti et al., 2006).
Previous attempts to understand the
physiological properties of the different
cell types in the basal forebrain during nat-
ural behaviors have been hampered by thenc.inability to determine neurotransmitter
identity. Recently, however, Lee and
colleagues (2005) used juxtacellular re-
cording to immunohistochemically iden-
tify neurons and showed that cholinergic
neurons change firing rates dramatically
across sleep-wake states. Lin and Nicole-
lis (2008) capitalize on this work to study
the more abundant noncholinergic neu-
rons by recording from neurons that do
not change average firing rate across
sleep-wake states. They examined the re-
sponse properties of these noncholinergic
neurons in behaving rats performing a
Go/Nogo task. Notably, they used both
appetitive (sucrose) and aversive (quinine)
reinforcers in order to determine whether
neural responsescovariedwithmotivational
salience or with positive or negative rein-
forcement value. The ability to distinguish
between these two response properties
relies on the fact that receiving negatively
valued outcomes can be as behaviorally
motivating (or salient) as positively valued
outcomes. Thus, neurons encoding rein-
forcement value will respond in propor-
tion to the appetitive or aversive value of
particular outcomes, but neurons encod-
ing motivational salience will respond sim-
ilarly when outcomes are similarly salient,
irrespective of reinforcer valence.
Lin and Nicolelis (2008) report that non-
cholinergic basal forebrain neurons en-
code motivational salience in their task.
These neurons exhibited a short-latency
phasic increase in firing rate following
stimuli which predicted the potential
outcome for each trial. Furthermore, this
population of neurons showed similar
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sponse would result in an appetitive or
an aversive outcome. Three findings
argue strongly against the possibility that
these neurons simply encode sensory
properties: (1) these neural responses
were similar whether the predictive stimuli
presented were visual or auditory, (2)
these neurons did not respond to novel
sensory stimuli that had not yet been
associated with reinforcement, and (3)
extinction of the stimulus-reinforcer asso-
ciations led to a marked reduction in the
bursting responses. Taken together,
these findings indicate that noncholiner-
gic basal forebrain neurons respond to
stimuli that have been associated with
reinforcers of either valence.
One potential concern about the moti-
vational salience hypothesis arises from
the fact that the Go/Nogo task is an avoid-
ance task. That is, rats that withheld lick-
ing in response to a tone associated with
quinine did not receive the aversive rein-
forcer (cf. a Pavlovian task where rein-
forcers follow cues regardless of operant
responses). Thus, in one sense, outcomes
on trials where rats avoided punishment
were relatively rewarding. Perhaps non-
cholinergic neurons encode reward value
after all? Lin and Nicolelis (2008) ad-
dressed this question by comparing those
trials where quinine was available and the
rat made a Go or a Nogo response (pre-
sumably reflecting expectation of sucrose
and quinine avoidance, respectively). The
burst response of noncholinergic neurons
in both these trial types was remarkably
similar, suggesting that these neurons
likely were not encoding expected reward
value (which was presumably different
for the two responses), but rather were
encoding motivational salience. Further
support for the salience hypothesis comes
from the observation that neural re-
sponses to reinforcement delivery were
similar for both appetitive and aversive
outcomes themselves.
Neurons encoding properties more
similar to motivational salience, as op-
posed to reinforcement value, have also
been identified in a number of other brain
areas, including the premotor cortex
(Roesch and Olson, 2004) and the amyg-
dala (Belova et al., 2007). However, the
amygdala contains neurons appropriate
for mediating valence-specific processes,
like fear or reward learning, as well asvalencenonspecificprocesses,suchasmo-
tivational salience, arousal, and attention
(Belova et al., 2007; Paton et al., 2006).
Of note, the central nucleus of the amyg-
dala has projections to thecholinergic neu-
rons of the basal forebrain and to midbrain
dopamine neurons, and these connec-
tions have been proposed to linkamygdala
processing to neural circuits implementing
two different forms of attention: attention
for performance and attention for learning
(Holland and Gallagher, 1999).
Based on the short latency of the initial
bursting response in noncholinergic neu-
rons, Lin and Nicolelis (2008) suggest
a role for these neurons in directing top-
down attention toward salient stimuli
that are consistently associated with rein-
forcement. They suggest that this form of
attention corresponds to attention for per-
formance, which facilitates well-learned
behavioral responses to stimuli that reli-
ably predict reinforcement outcomes
(Holland and Gallagher, 1999). They pro-
vide evidence linking the encoding of
motivational salience to attention for per-
formance by showing that these same
noncholinergic neurons respond when
auditory stimuli are successfully detected
but are silent when stimuli are missed in
a tone-detection task performed near
psychophysical threshold. Moreover,
burst responses to tones increase with
the degree to which a tone predicts re-
ward. Thus, noncholinergic neurons may
be involved in directing behavioral re-
sponses toward stimuli in proportion to
their reward value (only rewards were
used in the detection task). Lin and col-
leagues (2006) have previously shown
that noncholinergic neurons burst during
transient increases in gamma oscillations
measured in the prefrontal cortex, sug-
gesting a role in enhancing cortical excit-
ability. In theory, this effect could be due
to the GABAergic corticopetal projection
to prefrontal cortex from the basal fore-
brain, providing a mechanism for the
top-down control of attention for perfor-
mance (Sarter and Bruno, 2002). In order
to elucidate the precise mechanisms by
which these noncholinergic neurons exert
their effects, future work must character-
ize these neurons by neurotransmitter
identity and determine whether they
directly (as projection neurons) or indi-
rectly (as interneurons) modulate prefron-
tal processing.NeAttention for performance may be con-
trasted with attention for learning, in
which attending to surprising outcomes
(reinforcement prediction errors) can en-
hance the speed of learning. As noted
above, evidence suggests that a neural
circuit involving the central nucleus of
the amygdala and cholinergic neurons in
the basal forebrain plays a role in both
attention for performance and learning
(Maddux et al., 2007). One counterintui-
tive result presented by Lin and Nicolelis
(2008)—suggesting that noncholinergic
neurons may play a role in attention for
learning—is the fact that noncholinergic
neurons exhibit the greatest response to
reinforcement when reinforcement fol-
lows a tone least predictive of reward
(as judged by average detection perfor-
mance) and the smallest response to re-
ward occurs when reinforcement follows
the tone most predictive of reward.
The pattern of activity in response to
predictive stimuli and to rewards (de-
scribed in the previous two paragraphs)
is strikingly similar to the activity observed
in midbrain dopamine neurons (e.g., Fio-
rillo et al., 2003), which is thought to
reflect a temporal difference error in
predictions of future reward. Dopamine
neurons project to both cholinergic and
GABAergic neurons in the basal forebrain
(Gaykema and Zaborszky, 1997), which
suggests that the expectation-modulated
reinforcement responses that Lin and Nic-
olelis (2008) observed may actually reflect
reward prediction errors. Using behav-
ioral paradigms employing aversive stim-
uli, it will be important to establish
whether the activity of noncholinergic
neurons is also correlated with punish-
ment prediction errors, a result that Lin
and Nicolelis might predict given their
data suggesting that noncholinergic re-
sponses are correlated with motivational
salience and not reinforcement value.
This result would imply that noncholiner-
gic neurons provide an unsigned predic-
tion error, which is a signal that could
facilitate the deployment of attention for
learning. Indeed, even when performing
a well-learned detection task that pre-
sumably engages attention for perfor-
mance, rats may in fact continually adjust
their behavior to update associations in
accord with recent reinforcement history,
a process that likely engages attention for
learning.uron 59, July 10, 2008 ª2008 Elsevier Inc. 7
Neuron
PreviewsHistorically, basal forebrain lesions
have been carried out using toxins that
destroyed noncholinergic neurons in ad-
dition to cholinergic neurons. These le-
sions resulted in a broad array of learning
and memory deficits, which for the most
part are not observed when lesions are
made using toxins targeting cholinergic
neurons and sparing noncholinergic neu-
rons (Everitt and Robbins, 1997). The
novel contribution from Lin and Nicolelis
(2008) reminds us that the often-ne-
glected noncholinergic neurons of the
basal forebrain may play a fundamental
role in signaling motivational salience,
which may be useful for directing top-
down attention. Their results open a new
avenue of research that promises to help
unravel the mechanisms that link the pro-
cessing of appetitive and aversive stimuliCerebral and Perip
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